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Introduction
To get more information about the photophysical properties of molecules, it has become in recent years more and more common to use single molecule techniques. Developments in the ®eld of room temperature optical single molecule detection allow one now to measure parameters such as uorescence spectra, decay times, anisotropy, temporal¯uorescence intensity¯uctuations or combinations of these parameters for individual molecules [1±3] . A well-studied feature of single molecules is their discrete on/o behavior, a phenomenon often referred to as on/o blinking. Although several mechanisms can induce this blinking, the temporary occupation of the tripletstate is in organic single molecules the most likely mechanism. From the on/o jumps in¯uorescence intensity photophysical parameters such as the triplet lifetime s T and intersystem crossing yield Y ISC can be calculated [4] . A number of recent papers discuss the in¯uence of the environment and the presence of oxygen on both s T and Y ISC [5, 6] .
The main advantage of single molecule detection is that distributions or histograms of physical properties are obtained instead of averaged values resulting from bulk measurements. Especially in highly inhomogeneous materials such as polymer ®lms, single molecule spectroscopic methods promise to provide detailed information on the distribution of environments present in the material. It is assumed that in such inhomogeneous www.elsevier.nl/locate/cplett systems individual dyes are sensitive reporters of their nano-environments. This has been demonstrated by local environment induced changes in the¯uorescence maximum of an imbedded chromophore [3, 7] as well as in changes of the decay time [3, 8] , in the millisecond to second time scale. Also changes in the triplet lifetime and intersystem crossing yield at the millisecond time scale were attributed to local changes of the polymer matrix near the embedded chromophore [9] . Before dierences in photophysical properties can be related to distinct environments of individual molecules, one has to make sure that the changes are not related to, for example, intrinsic conformational changes of the chromopohore itself. Recently, two groups reported on photophysical changes induced by conformational changes of the amino group on the aromatic core of the dye under investigation [10, 11] . For the often used dye DiI some of the changes in photophysical parameters were attributed to cis/trans isomerization [12, 13] , which is known to occur for this class of dyes in solution.
In this Letter, we report on the photophysical properties of a perylenetetracarboxdiimide-based dye imbedded in a polymer ®lm. The chromophore was chosen for its high photostability and high quantum yield of¯uorescence (nearly one). The idea is to provide the chromophore with its own environment by attaching dendrons to the chromophore resulting in dendrimers with a¯u-orescent core. Mixing these dendrimers with different polymers, having a dierent degree of compatibility with the dendrons, would allow to learn about blending on a molecular level via changes in photophysical properties of the core molecule. To enhance solubility, a perylenetetracarboxdiimide derivative with four phenoxy groups in the so-called bay positions of the chromophore was chosen (compound 1, Fig. 1 ). This substitution leads to more complex behaviour of the chromophore itself at the single molecule level. Therefore, we focus in this contribution mainly on elaborating the origin of this behavior by comparing the photophyscial properties of compound 1, both in solution and at the single molecule level, with those of three reference compounds 2±4 (Fig. 1 ).
Experimental
The synthesis and puri®cation of tetraphenoxyperylenetetracarboxdiimide (compound 1), tetrachloro-perylenetetracarboxdiimide (compound 3) and dibromo-perylenetetracarboxdiimide (compound 4) are described in [14] . Perylenediimide (compound 2) was purchased from Fluka and used as received after checking the purity with thin layer chromatography.
For the single molecule experiments, samples were prepared by spin-coating a toluene solution containing 10 À10 M concentrations of the dierent compounds and 15 mg/ml Zeonex (polynorbornene) at 1000 rpm on cleaned cover glasses (ref), resulting in thick polymer ®lms (AFM measurements showed a thickness between 500 and 1000 nm) containing 0.5 molecules per l 2 . Single molecule measurements were performed on a confocal¯uorescence microscope. The setup is described elsewhere in more detail [15] . As excitation light, the 488 nm line of a continuous wave Argon-Ion-Laser (Stabilite, Spectra-Physics) and the 543 nm line of a HeNe laser were used. Appropriate notch ®lters (Kaiser Optics) were placed in the detection path to suppress the remaining excitation light. The applied power was approximately 300 Wacm 2 at the sample. Measurements were always performed at ambient temperature and atmosphere.
Single molecule spectra were recorded with a liquid nitrogen cooled CCD-camera (Princeton Instruments) that was coupled to a polychromator (Acton Spectra Pro 150). The recorded spectra were ®rst background corrected by subtraction of a spectrum from a blank sample and then corrected for the response of the CCD-camera and the intrinsic properties of the optical elements. To determine the peak position, each spectrum was ®tted with the appropriate number of Gaussians. The peak maximum is taken to be the maximum of the ®rst ®tted Gaussian. The resulting accuracy for the wavelength of the emission maximum was approximately AE1 nm. For each examined molecule the spectral run was recorded with an integration time of 10 s for each spectrum until photobleaching occurred. Consecutive spectra of one molecule could be taken for up to 5 min.
Single molecule decays were measured by exciting the sample with a pulsed laser source [16] and guiding the signal from the detector (avalanche photodiode) into a time-correlated single photon counting PC card (SPC 630, Picoquant GmbH) together with the necessary trigger signal. The analysis of single molecule decays was described in detail elsewhere [17] . The same laser system was used to perform the single photon timing measurements in solution.
Results and discussion
Structures of compound 1 and three additional reference compounds 2±4 are given in Fig. 1 . The substitution in the bay position gives rise to a twist of the two naphthalene units of the perylene core, as recently demonstrated by the crystal structure of molecules very similar to compound 1 [18] . Molecular structure calculations also show that a highly twisted conformation of the core is the most Fig. 1 . Structure formulas of the four compounds used in this study. For compound 1 both the absorption and emission spectrum are shown. For compounds 2±4 only the emission spectrum is shown. The number in the upper left corner is the twist angle as calculated for these molecules in a Merck force ®eld calculation in Spartan 5. stable one for compounds 1, 3 and 4. For compound 2, a¯at conformation is energetically the most favored one. The solution¯uorescence spectra in toluene for the four compounds are depicted in Fig. 1 . A large twist angle of the naphthalene units in the chromophore results clearly in a loss of vibrational ®ne structure of the corresponding¯uorescence spectrum.
Recording the¯uorescence intensity as a function of time for individual molecules of 1 reveals long survival times in ambient conditions as compared with other often used chromophores (DiI, Nile Red) in single molecule spectroscopy. An average survival time of about 1000 s was found. Only a small fraction of the investigated molecules show at least one on/o transition in their¯uorescence intensity trace, suggesting an extreme low yield of intersystem crossing. The presence of several emission levels is exempli®ed in a¯uorescence intensity trajectory of a compound 1 molecule (Fig. 2a) . The two channels represent the s-and p-polarized emissions. Notice that the jump in¯uorescence intensity after 280 s can be seen in both channels and does not in¯uence the relative contributions of both channels. The latter implies that the change in the¯uorescence intensity cannot be due to a rotation of the molecule and therefore a change in the relative orientation of the transition dipole moment. A possible explanation is a spectral shift resulting in a dierent excitation coecient and therefore dierent¯uorescence intensity.
To investigate this possibility, emission spectra of a number of individual molecules were recorded. Histograms, based on several hundreds of spectra, for compound 1 were constructed and are displayed in Fig. 2b . The histogram of the emission maxima clearly shows two distinct regions, one centered at 17 400 cm À1 and the other one around 16 700 cm À1 . The presence of bimodal distributions of the emission maximum of single molecules has been reported previously in the literature. For Nile Red in PMMA Hou et al. explained the dierent areas in the histogram to arise from dierences in the local polymer environment, namely a more semicrystalline and a glassy environment [10] . As we observe jumps of the¯uo-rescence maxima within one molecule (see Fig. 2e ), this explanation can be ruled out as it is unlikely that the polymer at room temperature will undergo phase changes during the time scale of the experiment. Also rhodamine dyes exhibit a bimodal peak distribution on glass and silanized surfaces as was reported by K ohn et al. [19] due to the formation or dissociation of the contact ion pair, resulting in a spectral shift of the emission spectrum. As the chromophore in this study is not charged this explanation cannot be used to explain the bimodal distribution. Basch e et al. showed that terylene can have spectral shifts, due to the formation of a¯uorescent endoperoxide leading to two distinct groups of emission maxima. 1 However, the latter explanation can be ruled out on the basis of dierent redox potentials of our system [20] .
Two dierent types of emission spectra can be observed, one in which a vibronic band shows up as a shoulder and another in which a distinct vibronic band can be seen. The higher energy peak of the distribution in Fig. 2b contains solemnly the spectrum where the second vibronic band shows up as a shoulder. The lower energy contribution to the distribution contains both spectral appearances (Fig. 3) . Reversible transitions between lower and higher energy regions in the histogram occur without changes in the unstructured spectral appearance for about 10% of the molecules (Fig.  2e) .
Two eects have to be discriminated: the existence of a low energy and a high energy region in the¯uorescence maximum distribution is due to motion of the phenoxy substituents, the washing out of the vibronic structure within the low energy part of the distribution is due to a change in the twist angle of the aromatic moiety of the chromophore. Based on comparison with the solution spectra of 1 and the reference compounds 2±4, we postulate that the spectrum with the more resolved ®ne structure belongs to molecules with a less distorted central perylenediimide moiety having the substituents in the bay area at the same site of the naphthalene unit (Fig. 3h±j) . The vibrational less resolved spectrum belongs to molecules where the substituents in the bay positions on the same naphtalene unit are oriented alternating up and down, resulting in a substantially twisted aromatic part of the core molecule. The transition from the high to the low energy region in the distribution relates to a change of orientation of the phenoxy arms away (high energy, Fig. 3b±d ) or above (low energy, Fig. 3e±g ) with respect to the core. Local reorganizations in the vicinity of the molecule, due to local heating, might be the reason for a molecule to adopt changed orientations of the phenoxysubstituents.
To con®rm the above-stated hypothesis, spectra of the individual molecules of compound 2 and compound 3 were recorded and the emission maxima histogrammed. As can be seen in Figs. 2c and d, only one Gaussian distributed peak was observed for the emission maxima of both compounds. When the phenoxy-substituents are absent, no bimodal distribution of emission maxima is recovered. The single molecule spectra for both compounds correspond very well to the solution spectra. Compound 2, which is¯at, has clear vibronic features whereas in the spectrum of compound 3, which is twisted in the ground state, the second vibronic band shows up as a shoulder (results not shown). The fact that the distribution for compound 3 (Fig. 2d) is clearly broader than for 2 (Fig. 2c) , although embedded in the same polymer ®lm can be interpreted as arising from a higher susceptibility of the twisted compound for environment induced changes of the emission maximum. These ®ndings, together with the comparison with solution spectra, render credibility to the fact that we assign the structured spectra of compound 1 to a more planar form and the spectra just showing a shoulder to a twisted conformation of compound 1.
Additional evidence was found by comparing the spectral data and decay time data in solution as well as on the single molecule level. Correlation between the twist angle of the naphtalene units in compounds 1±4 and their spectral appearance was found by plotting this angle versus the structure parameter S (Fig. 4a, full line, full symbols) . This structure parameter S is de®ned as
where I p1 and I p2 are the intensities of, respectively, the ®rst and the second peak in the spectrum and I v is the intensity of the valley between the peaks [21] . A low value of S corresponds to a spectrum with a clear ®ne structure, a high value of S to an unstructured spectrum. The angles between the naphtalene units were obtained from molecular modeling calculations. In the next step, the structure parameter was correlated with the decay time of the dierent compounds. In Fig. 4b (full line, full symbols) only compounds 1 and 2 are taken into account in the regression. In the other compounds, the atoms Cl and Br have a distinct eect on the photophysical parameters (showing up for example in a drop in¯uorescence quantum yield for compound 4 and hence on the decay time).
Although we have only two experimental points, it at least gives an indication, especially when compared with the single molecule data. From a number of single molecules, decay times and spectra were recorded simultaneously. The distribution of the decay times is shown in Fig. 5 . A bimodal distribution centered around 3 and 6 ns can be seen. The decay time of 3 ns corresponds well with the decay time of 2 in toluene, the decay time of 6 ns is similar to the value found for 1 in toluene. All the short decays correspond to molecules that have spectra with distinct vibrational ®ne structure (left inset) whereas for the long decays the corresponding spectra have the second vibronic band as a shoulder (right inset). The distribution around 6 ns is clearly broader then the one around 3 ns. Also for the spectra of the twisted compound 4 a broader distribution was found compared to the¯at compound 2. The twisted chromophores are apparently more prone to small changes in the environment of the chromophore, resulting in broader distributions of the photophysical parameter under investigation. The dotted line in Fig. 4b shows the correlation between the decay times and the S parameter of several single molecules of compound 1. Except for a dierent oset, the slope of both ®tted lines is similar. Postulating a similar oset for the correlation between the S-parameter and twist angle leads to the dotted line in Fig. 4a . The experimental data in Fig. 4a (open circles) show the validity of this assumption. In this way one can predict from the spectral appearance directly the twist angle between the two naphtalene units in individual molecules of compound 1. This was then applied to the spectral and decay run for the single molecule depicted in Fig. 5b . As can be seen in the ®gure, the changes in emission maximum are nicely correlated with the changes in decay time. The decay time varies between 6.6 and 5.7 ns. Using the curves in Fig. 4 , one can calculate that for this particular molecule the twist angle between the naphtalene units changes from 27°to 17°.
Conclusions
In summary, in this Letter, we showed that it is possible to monitor conformational changes and the twist motion of a single molecule via single molecule spectroscopy. Evidence for the twist and the conformational change was found in the bimodal distribution of¯uorescence maxima, the dierent spectral shapes, the distribution of the decay times, molecular modeling, and comparison with several model compounds measured both at the single molecule level as well as in solution. It is possible to measure accurately changes in twist angle on the single molecule level. This study shows that, at least in principle, single molecule spectroscopy can be used to study systems where twisting is involved provided the time scale of the process corresponds to the time scale of the single molecule experiment. For example, the importance of twisting in certain molecules undergoing intramolecular charge transfer could now be investigated at the level of individual molecules. First attempts in that direction have been reported recently [10, 11] . DWTC through IUAP-4-11, of the EU through TMR program SISITOMAS and of the VW Stiftung is gratefully acknowledged.
